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ABSTRACT 
A kilowatt-hour meter was designed, b u i l t  and evaluated f o r  use 
with the UMass Wind Furnace. A meter, capable of measuri~g the variable 
frequency variable voltage output of the wind turbine, was needed. This re- 
port describes t h i s  somewhat unique instrument, including i t s  design 
and cal ibrat ion.  
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1 . O  INTRODUCTION 
Watt-hour meters have long been available to measure energy, as 
a product of current and voltage a t  a fixed frequency and over a period 
of time. Not available, however, are meters capable of handling currents 
and voltages that fluctuate over a wide range of frequencies. 
The UMass Wind Furnace produces such fluctuating power. Since the 
electrical load i s  purely resist ive,  the AC power i s  used as generated. 
The wind  turbine rotor i s  designed t o  operate a t  a constant tip-speed- 
rat io from cut-in to rated, hence runs a t  a continually varying rprn. Throughout 
this  region of operation then, the generator rpm varies from about 400 
a t  cut-in to 1800 a t  rated and the power generated varies i n  frequency 
accordingly reaching 60 Hz a t  the 1800 rprn. Hence, the need for  a new 
meter designed to accommodate this  variable frequency. 
This report describes the design and evaluation of the UMass WF-1 
kilowatt h o u r  meter. 
2.0 DESIGN OF METER 
2.1 General Design 
The UMass kW-hr meter f u n c t i o n s  by t a k i n g  two analog dc vo l tages,  
represent ing  t h e  generator  ou tpu t  v o l  tage and cu r ren t ,  and niul t i p 1  i e s  these 
instantaneous values together  t o  o b t a i n  power (Fig. 2.1 ). The r e s u l t i n g  
power i s  represented by a new dc-voltage l e v e l  which i s  converted t o  a 
v a r i a b l  e-frequency pu lse  t r a i n .  Through a s imple a1 gebraic expression, 
i t  can be shown t h a t  t h e  energy produced i s  represented by  a s p e c i f i e d  
number o f  pulses. Therefore, by s imply coun t ing  the pulses, t he  energy 
produced by Wind Furnace-I a t  a va ry ing  frequency, can be determined. 
2.2 De ta i l ed  Design 
The v o l  tage-to-frequency convers ion i n  the  UMass Mind Furnace 
k i l o w a t t - h o u r  meter i s  t h e  f i n a l  stage i n  determin ing  t h e  energy product ion .  
A l l  c i r c u i t s  p r i o r  t o  t h i s  convers ion a r e  analog i n  na tu re  w h i l e  a l l  c i r c u i t s  
beyond a r e  d i p i t a l  (F ig.  2.1). D e t a i l s  of t he  c i r c u i t r y  f rom t h e  generator  
t o  t h e  ou tpu t  o f  t h e  analog m u l t i p l i e r  a r e  shown i n  Fig.  2.2. 
I n  t h e  ana log sect ion,  ga ins  a r e  ad jus ted  t o  g i v e  t h e  des i red  ou tpu t  
vo l tage  l e v e l s .  These l e v e l s  a r e  determined p r i m a r i l y  by t h e  device speci -  
f i c a t i o n s ,  i .e.  t h e  RMS-to-dc conver te r  has a spec i f i ed  i n p u t  and ou tpu t  
vo l tage  range o f  5 v o l t s  i n  and 5 v o l t s  out .  These c i r c u i t s  have been 
designed and ad jus ted t o  cover t h e  f u l l  c u r r e n t  and vo l tage  range expected 
t o  be produced by the  ac-generator i n c l u d i n g  a margin of safety. The maximums 
designed f o r  a r e  35 amps a t  400 v o l t s  r e s u l t i n g  i n ,  f o r  a l l  3-phases, 
3 x 35 x 400 = 42 kW. 
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GENERATOR TO VOLTAGE-TO-FREQUENCY 
CONVERTER 
A t  the vo l  tage-to-f requency (V-F) converter, the vol  tage represent ing 
the  instantaneous power i s  converted t o  a  frequency. The maximum frequency 
produced i s  determined by external  components such as r e s i s t o r s  and capaci tors.  
Fig. 2.3 shows the components and c i r c u i t r y  f o r  t he  vo l  tage-to-frequency 
sect ion o f  the k i lowat t -hour  meter. 
These components have been sized t o  g ive a  frequency o f  1167 Hz a t  
an i npu t  vol tage (from the analog m u l t i p l i e r )  o f  2.5 volts-d.c. This 
resul  t s  i n  the f o l  lowing expression : 
Thus 
o r  
2.5 V-dc = 42 kW = 1167 HZ 
42 kW = 1167 pul ses/sec 
42 kW-sec = 1167 pulses 
42 kw-sec 
= 11 67 pul ses 3600 sec/hr 
Therefore, 
o r  
5  1  kW-hr = 1  x 10 p 1 ~ 1  ses 
From t h i s  re la t ionsh ip :  
4 0.1 kW-hr = 10 pulses 
6 10 kW-hr = 10 pulses 
By using decade counters a t  the output o f  the V-F counter, the frequency 
4 i s  d iv ided down w i t h  f o u r  counters r e s u l t i n g  i n  a  d i v i s i o n  by 10 and s i x  
6 
counters, a  d i v i s i o n  by 10 . The d iv ided s ignal  i s  then f e d  t o  the d isp lay 
d r i ve rs  as shown i n  Fig. 2.4. These d r i ve rs  w i l l  pulse the display,  thereby 
increasing the d isp lay by 1 - d i g i t  each t ime they are pulsed. Two d isp lays 
have been used, a  shor t  term and a long term, thus pe rm i t t i ng  the shor t  
term d isp lay t o  be rese t  wi thout  a f f ec t i ng  the long term t o t a l  ki lowatt-hour reading. 
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TO DISPLAY BOARD 
TO RESET SWITCH 
INTEGRATED CIRCUITS : (DIP) 
1. 1 through 6: SN7490A Decade Counters (%lo) 
2. SN74LS04N: Inverter 
3. VFC32KP: Voltage-to-Frequency Converter 
FIGURE 2.3 
VOLTAGE-TO-FREQUENCY CIRCUITS 
LONG TERM 
SEE TEXAS INSTRUMENTS TTL DATABOOK 
FOR P I N  DESIGNATIONS 
S N 7 4 1 4 3  DISPLAY DRIVERS: P I N  CONNECTIONS, ( E r c l u d r l n g  LED D r i v e r  8 ,  9 ,  10, 11, 13, 14, 
15, 16 O u t p u t s )  
FIGURE 2.4 
DISPLAY DRIVER CIRCUITS 
3.0 CALIBRATION 
3.1 I n i t i a l  C a l i b r a t i o n  
Each stage o f  the meter was c a l i b r a t e d  du r ing  bench t e s t i n g .  Due t o  
the  1  ack o f  s u i t a b l e  v a r i a b l  e-frequency power sources, dc-vol tages w i t h  
ad jus tab le  ampli tudes were used as i n p u t s  t o  the  e l e c t r o n i c  c i r c u i t s .  
3.1.1 Cur rent  Shunt and Voltage D i v i d e r  (Transducers) 
The c u r r e n t  shunt was c a l  i b r a t e d  us ing 60 Hz. 1  i n e  cu r ren t .  
The shunt was found t o  have a  1  i n e a r  output  f rom zero ou tpu t  a t  zero  c u r r e n t  
t o  50 mV a t  30 Amps. 
Since the  vo l  tage d i v i d e r  was const ruc ted of f i x e d  p r e c i s i o n  r e s i s t o r s ,  
i t  cou ld  n o t  be c a l  i b r a t e d  alone. It was, however, c a l  i b r a t e d  du r ing  t h e  
f i n a l  c a l  i b r a t i o n  Drocess by a d j u s t i n g  t h e  op-amp c u r r e n t  gain. 
3.1.2 Op-Amp C i r c u i t s  
These c i r u i t s  were c a l i b r a t e d  by i n p u t i n g  the  proper dc- 
vo l tage  l e v e l  corresponding t o  a  s p e c i f i c  generator  vo l tage  o r  cu r ren t .  
Table 3.1 shows t h e  r e l a t i o n s h i p  between the  transducer output  and op- 
amp output.  
TABLE 3.1 
Op-Amp C i r c u i t  Cal i b r a t i o n  
Gen . Op-Amp Gen . 0 p-Amp 
Vol tage I npu t  Output Current  I npu t  Output 
( v o l t s )  (vo l  t s )  ( vo l  t s )  (amps (mv) (vo l  t s )  
3.1 .3 RMS- to-DC Converters 
These componen t s  were ca l  i bra ted i n  the f o l  1 owing manner: 
a) Set Vin = 5.0 v, ad jus t  Rv4 such t h a t  Vout = 5.0 v 
b)  Set  Vin = 0.5 v, ad jus t  Rv5 such t h a t  Vout = 0.5 v 
c )  Repeat a) and b) u n t i l  Vout equals Vin w i thou t  adjuslkent .  
3.1.4 Analog M u l t i p l i e r  
Set $,8 so t h a t  w i t h  
3.1.5 Vol tage- to-Frequency Converter 
The i n t i a l  vo l  tage-to-frequency conversion fucn t ion  was set  by 
r e s i s t o r s  R, .. R5 and capac i tors  C1 and C2. Adjustments were made i n  the 
f o l  1 owing order:  
10 
a )  Apply an i n p u t  vo l tage t h a t  should produce an ou tpu t  frequency o f  
0.001 t inies f u l l  scale. 
b )  A d j u s t  R5 f o r  proper output .  
c )  Apply t h e  f u l l  sca le  i n p u t  vol tage.  
d) A d j u s t  R3 f o r  proper ou tpu t  
e) Repeat b)  through d) u n t i l  no f u r t h e r  adjustment i s  needed. 
3.2 F i n a l  Cal i b r a t i o n  
'The completed kW-hr meter  was c a l i b r a t e d  as a  u n i t  us ing  t h e  arrangement 
shown i n  F ig .  3.1 . F i r s t ,  va r ious  vo l  tages and c u r r e n t s  were appl i e d  and the  
meter ou tpu t  recorded on t h e  FLUKE Data Logger. Table 3.2 and Figs.  3.2, 3.3, 
and 3.4 show these r e s u l t s .  
Secondly, t e s t s  were performed t o  check the  accuracy of t h e  d i s p l a y  board. 
Spec i f i c  values o f  vo l tage  and c u r r e n t  were a p p l i e d  f o r  a  known p e r i o d  o f  time. 
The known i n p u t  energy was compared w i t h  t h e  measured and d i sp layed  energy. Th is  
data i s  shown i n  Table 3.3 and F ig .  3.5 w i t h  an e r r o r  range o f  -6% t o  + 4.1%. 
Power Source: Single phase house current  
Apparatus: R - Adjustable resis tance load bank 
RL - Immersion heater 
A - AC Ammeter 
V - AC Voltmeter 
CS - Current Shunt 
V D  - Vol tage Divider 
FIGURE 3.1 
TEST SET-UP FOR FINAL CALIBRATION 
TABLE 3.2 12 
Kwhr Meter Cal i b r a t i o n :  Voltage, Current, and Power 
F l  uke DVM F l  u ke Ana 1 og F l  uke 3.LV.LC 
Reading Chan. Load Chan. Meter C han . (Calculated 
Number 3 Vol tage 4 Current  8 f low meters) 
i dc  V O I  t s )  (ac v o l t s )  (dc v o l t s )  (ac amps) (dc v o l t s )  (ac wat ts )  
Least-Square f it: y = mx + b, coore la t ion  c o e f f  = r 2 
x = channel 3, dc v o l t s  channel 4, dc v o l t s  channel 8, dc v o l t s  
Y= Load Voltage, AC I n  LoadCurrent ,ACAmps 3 -  0 power,AC Watts 
Power Source: S ing le  Phase (60 Hz) AC l i n e  (115v, 20 amp) 
Load: Immersion heater  and res is tance  bank 
LOAD: Immersion Heater  and 
-
Resf stance Load Bank 
POWER SOURCE: S i n g l e  Phase 
(60 HZ) ac 1 i n e  (1 15 v ,  20 amp) 
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DVM LOAD VOLTAGE (AC VOLTS) 
FIGURE 3.2 
KILOWATT-HOUR METER CALIBRATION CURVE 
LOAD: Immersion Heater and 
-
Resistance Load Bank 
POWER SOURCE: S ing le  Phase 
(60 Hz) ac l i n e  (115 v, 20 amp) 
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ANALOG METER LOAD CURRENT (AC AMPS) 
FIGURE 3.3 
KILOblATT-HOUR METER CALIBRATION 
LOAD: Immersion Heater  and 
-
Resis tance  Load Bank 
POWER SOURCE: S ing le  Phase 
.- 
(60 Hz) ac  1 ine (1 15 v, 20 amp) 
POWER (AC KW) 
FIGURE 3.4 
KILOWATT-HOUR METER CAL IBRATION 
TEST NO. 
TABLE 3.3 
Meter  D i s p l a y  Cal i b r a t i o n  
V i n  ( v o l t s )  69.8 31 .O 49.6 96.9 115.5 69.7 
I i n  (amps) 7.0 3.16 5.0 9.75 11.56 7.04 
P i n  (wa t t s )  1446 294 744 2834 4006 1472 
DISPLAY 
kW-hrs 5.7 4.0 1.1 2.9 2.7 2.1 
E.T. ( h r s )  3.736 14.416 1.463 1.022 0.664 1.378 
Ma t t s  1 526 277 752 28 38 4065 1524 
% e r r o r  +4.1 -5.8 +1.1 +O. 1 +1.5 +3.5 
Note: ET = Elapsed Time 
WATTS = kW-hrs/ET 
REFERENCE POWER (kW) 
FIGURE 3.5 
METER DISPLAY CALIBRATION 
4.0 EVALUATION 
4.1 General 
The kW-hr meter was i n  use from Nov. 1978 t o  May 1979 dur ing which 
t ime i t s  performance was monitored. Based on the f i n a l  ca l  i b r a t i o n  tes ts ,  
the  meter i s  assumed t o  be w i t h i n  5 5 percent o f  the t r u e  energy (kW-hr) 
production. Th is  i s  assumed t o  be an acceptable accuracy based on the design 
o f  the  c i r c u i t r y  and the low ove ra l l  c o s t  ( ~ $ 2 0 0 . ) .  
4.2 D i f f i c u l t i e s  
Two d i f f i c u l t i e s  arose dur ing the per iod  of operation. F i r s t ,  
because the power source f o r  the meter comes from the  ac l i n e ,  whenever 
the household e l e c t r i c i t y  goes out, the meter goes out. When power i s  returned, 
the  meter must be manually reset .  I n  add i t ion,  1 ine  pul ses produced by 
swi tching o f f  o r  on t e s t  equipment connected t o  the  same house c i r c u i t  would 
advance the  meter d isplay.  Th is  d i d  n o t  a f f e c t  the Wind Furnace Test  r e s u l t s  
as redundant up-to-date recordings were a1 so kept. 
4.3 Improvements 
To c o r r e c t  the  de f i c ienc ies  noted, a s ing le  i so l a ted  dc-power 
source should be provided f o r  the meter. Th is  source should cons i s t  o f  
a rechargeable b a t t e r y  pack, f l oa ted  across the 1 ine, feeding a voltage- 
regu la to r  c i r c u i t  capable of supplying * 15 v o l t s  @ 500 ma and +5 v o l t s  
O 1.0 amp. 
I n  add i t ion,  t o  simp1 i f y  the recording o f  data, the d isp lay  coul  d be 
modified t o  take advantage of the p a r t i c u l a r  d isp lay  d r i v e r  used. These 
d r i ve rs  conta in  a 4 - b i t  BCD patched output  t h a t  cou ld  be f e d  i n t o  the BCD 
i npu t  p r i n t e d  c i r c u i t  card o f  the FLUKE Data Logger. Whenever the thermal 
data i s  recorded (every 15 minutes), the kW-hr reading cou ld  a l so  be recorded. 
Other modi f ica t ions woul d probably be incorporated i f  the k i l o w a t t -  
hour meter were t o  be f u r t h e r  developed o r  even another s i ng le  meter produced. 
4.4. Energy Production and A v a i l a b i l i t y  o f  the Wind Furnace 
The k i lowat t -hour  meter was i n s t a l  1 ed and operat ing from November 
1978 through A p r i l  1979. Table 4.1 shows the kW-hrs produced by month as 
wel l  as the down-times f o r  the  wind turbine.  
TABLE 4.1 
Kwhr Product ion and A v a i l a b i l i t y  o f  Wind Furnace 
(November 1978 t o  A p r i  1 1979) 
Tota l  Down-Time Percent Kwhr 
Month Hours (Hours) of To t a  1 Product ion 
Dec 744 640 86.0 150 
Jan 744 25 3.4 794 
(0)  (0)  
Feb 672 12.25 1.8 1073.1 
Mar 744 51 .I 6.9 936.1 
(20) (2.7) 
Notes : 
1. Down-time due t o  absence o f  res iden t :  
Jan 25 hours 
Mar 31 
Apr 40.5 
2. Down-time due t o  re-assembly o f  p i t c h  r o d  connector:  Nov 28 through 
Dec. 27, 71 2 hours. 
3. Numbers i n  parentheses i n d i c a t e  down-time due t o  o r  work on micro-  
processor c o n t r o l  l e r  (Feb., Mar. , Apr. ) , spinner e l e c t r o n i c s  and 
assoc ia ted apparatus and miscel laneous repa i r s .  
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6.0 APPENDIX 
6.7 Fol lowing i s  a 1 i s t  o f  components used, w i t h  the  r a t e d  c a p a c i t i e s  
f o r  each. The numbers correspond t o  numbers found on Fig.  2.2. 
A. Op-Amps ( Al and A2) A741 mini-dip 
B. Res i s to r s :  (+ - 5% un less  noted) ,  ohms: 
Generator load r e s i s t a n c e  
Voltage d i v i d e r  
Voltage d iv ide r  
Op-Amp, vo l t age  
Op-Amp , vol tage  
Op-Amp, vo l t age  
Op-Amp, o f f s e t  adjustment 
Op-Amp , c u r r e n t  
Op-Amp, c u r r e n t  
RMS-to-DC conver ter ,  ga in  s e t t i n g  
RMS-to-DC conver ter  
RMS-to-DC conver ter  
M u l t i p l i e r  
M u l t i p l i e r ,  ga in  s e t t i n g  
Mu1 t i p l i e r  
Mu1 t i p l i e r  
-10  phase 
928K + 1% 
- 
11.8K + 1% 
- 
2.2K 
1 K  
5K (pot)  
10K (pot)  
1 K  
200K (pot)  
10K (pot)  
1 . O M  
10K (pot)  
4.7K 
5K (pot)  
2.2K 
47K 
C.  Capacitors:  ( e l e c t r o l y t i c  un less  noted) 0.01 pf ceramic 
Cvl '  C ~ l  RMS-to-DC conver ter  
10  pf 
Averaging capac i to r ,  (Response Time 
Y 50 ms) 
D. Current Shunt 5 0 m V =  30amps.  
General E l e c t r i c ,  Laboratory-type 
D i g i t a l  C i r c u i t s  
COMPONENT : QUANTITY: 
1. VDC 32 K P  Burr  Brown Voltage-Frequency Conver te r  
2. SN7490A T I  Decade Counter  (% 10)  
3. SN74LS04 T I  Hex I n v e r t e r  
4.  SN72143 T I  D i sp l ay  C r i v e r s  
5. TIL302 T I  LED Numeric D i sp l ays  
